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2downwards from the point P
1
to the limit cycle.
Fig. 2
Phase portrait of the Wilders et al. model. In (a) the trajectories of the
oscillator and in (b) the limit cycle and the initial conditions (P
1




If the limit cycle in gure 1 (b) is unique it should be pos-
sible to reach it from another initial condition. Let us try an
initial condition below the limit cycle, and investigate whether
the model spiral up towards it. We change the initial concen-
tration of potassium from 140 to 130, leaving the fourteen other
initial conditions unchanged. The result is displayed in gure 2.
The model does not spiral upwards to the limit cycle in gure
1, instead the model spiral downwards to a dierent limit cycle.
We observed numerically a new limit cycle for each new initial
value of [K]
i
, implying the existence of an innite number of
limit cycles. The model's fundamental aw is clearly demon-
strated.
A New Model
In a new model [1] of the pacemaker activity of the rabbit sinoa-






























is the charge dierence, F is Faraday's constant and V is cell
volume. Here the ionic currents alter the concentrations which
in turn alter the voltage, i.e. the physical quantities were calcu-
lated in the following order: current i ) charge q ) voltage v.
The model has ve dynamic variables, the gating variables x, h




















In this model we rst notice that the initial value of [K]
i
, due
to (5), is not independent of the initial value of the voltage
v. Thus changing [K]
i
changes v as is always the case when
charging a capacitor (1). Second we notice that a tiny change
in [K]
i
corresponds to a large change in voltage v, since the
constant FV=C is large in most situations.
Fig. 3
Phase portrait of the Endresen et al. model with the initial conditions (6). In













), and in (d)








In gure 3 we have displayed the simulation results from the
model of Endresen et al. [1] with three slightly (due to the
large constant FV=C) dierent initial values of [K]
i
: 130.650







all converge towards the same limit
cycle. In an extensive numerical study we have not observed
any physiological initial conditions that do not converge toward
this limit cycle. In fact the same limit cycle can be reached
when starting from the full equilibrium situation with equal
intracellular and extracellular ionic concentrations [1].
III. Discussion
We have displayed numerical results from two types of mathe-
matical models of the pacemaker activity of the rabbit sinoatrial
node. The rst type of model [2] showed an innite number of
limit cycles, the second type of model [1] a limit cycle that could
be reached from many dierent initial conditions. In order to
avoid the drawback with an innite number of limit cycles seen
in the rst type of models, we suggest that one should not treat
membrane voltage (v) as a dynamic variable. Instead one should
calculate the voltage using (1), or at least select the initial con-
ditions in agreement with (1) [1].
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